Macrophages play a key role in both normal and pathological processes involving immune and inf lammatory responses, to a large extent through their capacity to secrete a wide range of biologically active molecules. To identify some of these as yet not characterized molecules, we have used a subtraction cloning approach designed to identify genes expressed in association with macrophage activation. One of these genes, designated macrophage inhibitory cytokine 1 (MIC-1), encodes a protein that bears the structural characteristics of a transforming growth factor ␤ (TGF-␤) superfamily cytokine. Although it belongs to this superfamily, it has no strong homology to existing families, indicating that it is a divergent member that may represent the first of a new family within this grouping. Expression of MIC-1 mRNA in monocytoid cells is up-regulated by a variety of stimuli associated with activation, including interleukin 1␤, tumor necrosis factor ␣ (TNF-␣), interleukin 2, and macrophage colony-stimulating factor but not interferon ␥, or lipopolysaccharide (LPS). Its expression is also increased by TGF-␤. Expression of MIC-1 in CHO cells results in the proteolytic cleavage of the propeptide and secretion of a cysteine-rich dimeric protein of M r 25 kDa. Purified recombinant MIC-1 is able to inhibit lipopolysaccharide -induced macrophage TNF-␣ production, suggesting that MIC-1 acts in macrophages as an autocrine regulatory molecule. Its production in response to secreted proinf lammatory cytokines and TGF-␤ may serve to limit the later phases of macrophage activation.
Macrophages are key cells in immune and inflammatory responses, participating in many normal biological processes including wound healing and resistance to tumors and infections. These cells are also important mediators of the pathology of a range of chronic inflammatory and fibrotic disorders such as rheumatoid arthritis, atherosclerosis and pulmonary fibrosis. The macrophage's role in these processes is accomplished in large part through its capacity to secrete bioactive molecules including enzymes, lipids, and a wide range of cytokines. To a large extent, it is the secretion of a complex mixture of cytokines into the surrounding milieu that mediates the effects of the macrophage on surrounding cells such as lymphocytes, fibroblasts, and endothelial cells. Production of these cytokines is usually under stringent control with a requirement for cell activation prior to their local production.
To identify novel molecules participating in the local inflammatory response, a subtracted cDNA library enriched for genes associated with macrophage activation has been screened. The cDNA library was based on the human monocytoid cell line U937, which, under the influence of retinoic acid (RA), is known to assume monocyte-like characteristics (1) . The activated phenotype of RA-differentiated U937 cells was then obtained by treatment with phorbol 12 myristate 13-acetate (PMA). This study reports on the identification and expression of a clone isolated from this subtraction library that was found to encode a novel transforming growth factor ␤ (TGF-␤) superfamily cytokine designated macrophage inhibitory cytokine-1 (MIC-1). Expression of MIC-1 in macrophages was induced by a wide range of activation stimuli, and recombinant MIC-1 protein was able to inhibit lipopolysaccharide (LPS)-induced TNF-␣ production, suggesting a role for MIC-1 in inhibition of macrophage activation.
METHODS
Isolation of MIC-1 cDNA. A subtracted cDNA library enriched for macrophage activation-associated genes was prepared from U937 myelomonocytic cells using the Subtracter Kit (Invitrogen) as previously described (2) . The driver cDNA library was synthesized from U937 cells differentiated with 1 M trans retinoic acid (RA) for 3 days. The tester cDNA library was prepared from U937 differentiated in the same way and then activated with 160 nM PMA for 3 hr. The clone denoted MIC-1 was selected from this library by screening as previously described (2) . DNA Sequencing. DNA sequencing was carried out by the dideoxy chain termination method (3) using both the T7 DNA polymerase sequencing system (Promega) or the dye terminator cycle sequencing kit (Perkin-Elmer) and the Applied Biosystems 373 automated sequencer according to manufacturers' instructions.
Cell Culture. The human myelomonocytic cell lines U937 and KG-1 were obtained from the American Type Culture Collection and maintained in media under the recommended conditions. Human kidney cells constitutively expressing the Epstein-Barr virus EBNA-1 gene (293-EBNA) were obtained from Invitrogen and maintained as recommended.
Human peripheral blood mononuclear cells (PBMC) were isolated from buffy coats by Ficoll͞Paque density gradient centrifugation. Monocytes were purified from PBMC either by adherence (4, 5) or by countercurrent centrifugal elutriation (6) . Culture-derived macrophages developed from these cells were cultured as described (4, 5) . The cytokines TGF-␤, TNF-␣, interleukin 2 (IL-2), interleukin 1 (IL-1), plateletderived growth factor (PDGF), and macrophage colonystimulating factor (M-CSF) were all obtained from Genzyme; granulocyte-macrophage colony-stimulating factor (GM-CSF) was from Schering-Plough; and LPS, PMA, and RA were from Sigma.
293-EBNA Cell Transfection. 293-EBNA cells were transfected with the entire coding region of the MIC-1 cDNA, which had been tagged with a FLAG epitope (DYKDDDDK) just downstream of the proposed proteolytic cleavage site at amino acid 196 (pre-pro-MIC-1͞FLAG). Cells were transfected with the pre-pro-MIC-1͞FLAG construct DNA in the pCEP4 expression vector (Invitrogen), which was modified to remove the EBNA-1 gene. This was undertaken with lipofectamine (GIBCO͞BRL) according to the manufacturer's instructions. Transfectants were selected with 300 g͞ml hygromycin B (Boehringer Mannheim) and maintained in 200 g͞ml hygromycin B.
Immunoprecipitation, Gel Electrophoresis, and Immunoblot Analysis. Supernatants and cell extracts were immunoprecipitated using anti-FLAG M2 affinity gel [Kodak Scientific Imaging Systems (Kodak SIS)]. Samples were analyzed by reducing or nonreducing SDS͞PAGE (7) and subjected to immunoblotting with anti-FLAG M2 monoclonal antibody (Kodak SIS). Blots were developed using biotinylated antimouse IgG, streptavidin-peroxidase (Amersham), and Western Blot chemiluminescence reagent (DuPont͞NEN).
Northern Blot Analysis. Northern blot analysis was performed as previously described (2) . Uniformity of loading and transfer was visualized by probing the blot with a 28S rRNA oligonucleotide probe: 5Ј-TCCGTCCGTCGTCCTCCTC-3Ј. Double-stranded DNA probes were random-prime-labeled with [␣-32 P]dCTP (Amersham), and oligonucleotides were end-labeled with [␥-32 P]ATP (Amersham). Exposure was for 5 hr to overnight at Ϫ70°C using intensifying screens.
Purification of Recombinant MIC-1. 293-EBNA cells that were transfected with the pre-pro-MIC-1͞FLAG construct were grown to confluence. Conditioned medium was collected over a 2-day period, and recombinant MIC-1͞FLAG was purified using anti-FLAG M2 affinity gel essentially according to the manufacturer's recommendations. Briefly, conditioned medium was incubated overnight at 4°C on a rocker platform with anti-FLAG M2 affinity gel. The gel was then washed three times with PBS, and MIC-1͞FLAG was competitively eluted using FLAG peptide (Kodak SIS). The elution buffer contained 0.1% CHAPS ([3-(3-cholamidopropyl)dimethylammonio]-1-propane-sulfonate) (Sigma) to help stabilize the protein. The eluted protein was concentrated and passed through a PD-10 column (Pharmacia) to remove free peptide. Purified MIC-1͞FLAG was quantitated on Western blots by comparison with FLAG-tagged bacterial alkaline phosphatase (Kodak SIS). The concentrated MIC-1͞FLAG contained less than 0.01 endotoxin units͞ml when assayed using the limulus lysate assay (Sigma).
Effect of MIC-1 on LPS-Induced TNF-␣ Production. Monocytes purified by elutriation were aliquoted into 24-well tissue culture plates (500,000 per well). Any remaining nonadherent cells were washed off 2 hr after plating. After 18 hr the culture medium was replaced with medium containing various concentrations of MIC-1, TGF-␤, or medium containing only MIC-1 elution buffer. LPS was added to cells at a final concentration of 1 g͞ml either simultaneously with the cytokines or following preincubation with the cytokines (30 min to 24 hr). The medium was collected 18 hr later for estimation of TNF-␣ using an ELISA kit (Genzyme) according to the manufacturer's instructions. All experiments were repeated at least three times, and all treatments were performed in triplicate.
RESULTS

Sequence of MIC-1.
To identify macrophage activationassociated genes, a U937 cDNA subtraction library was screened. The library was constructed from RA-differentiated U937 cells and RA-differentiated PMA activated U937 cells. A clone, designated MIC-1, was isolated and further characterized by nucleotide sequencing. The 1202-bp sequence, which correlates with the size of the MIC-1 mRNA transcript (see below), contains a single, long ORF potentially encoding a protein of 308 aa (Fig. 1) . The coding region is followed by a polyadenylation signal at base pair 1165, which is 20 nt upstream of the poly(A) tail. The 3Ј untranslated region contains four copies of the instability motif (ATTTA) that is present in many cytokine genes and associated with posttranscriptional regulation of the mRNA. The predicted amino acid sequence contains a hydrophobic amino-terminal region typical of a signal sequence and one potential N-linked glycosylation site at amino acid 70 (Fig. 1) .
MIC-1 Is a Novel TGF-␤ Superfamily Protein. The predicted MIC-1 amino acid sequence displays significant similarity to most members of the TGF-␤ superfamily in the protein databases. Members of this superfamily share a number of important structural characteristics. They are dimeric secreted proteins with a long propeptide separated from the mature protein by a furin-like protease acting on a conserved RXXR sequence (8) (9) (10) . There are several cleavage motifs present; however, eukaryotic expression (discussed below) Fig. 1) , which would result in the secretion of a 224-aa dimeric mature protein.
Processed TGF-␤ superfamily proteins all contain a highly conserved seven-cysteine domain spanning about 80 aa that encompasses most of the mature protein and forms the cysteine knot, a structural hallmark of this superfamily (8) (9) (10) (11) . To determine whether MIC-1 conformed to the structural characteristics of TGF-␤ superfamily proteins, multiplesequence alignment was carried out comparing the sevencysteine domain of MIC-1 with other proteins within the TGF-␤ superfamily ( Fig. 2A) . There is complete conservation of the cysteine residues and their spacing in all proteins including MIC-1. In addition, two other sequences conserved in many TGF-␤ superfamily proteins, DLGW-W and PCCVP, are both present within MIC-1 at the expected positions (Fig.  2 A) . This indicates that MIC-1 is a TGF-␤ superfamily protein.
Similar to TGF-␤s 1-5 and inhibin ␤a and ␤b, MIC-1 has two extra cysteine residues close to the amino terminus of the mature peptide. In TGF-␤2, these have been shown to be disulfide bonded to each other and serve to add extra stability to the finger 1 region of the molecule (12) . TGF-␤s 1-5 also have additional cysteine residues in the propeptide. These dimerize and associate noncovalently with the mature protein to form the latency-associated peptide, which inhibits the bioactivity of the molecule (13, 14) . MIC-1 has no cysteine residues in the propeptide, indicating that there are no similar disulfide interactions in this region.
MIC-1 Is a Divergent Member of the TGF-␤ Superfamily. Sequence alignments using the seven-cysteine domain are used to classify proteins within the superfamily into individual families (9-12); the major ones are TGF-␤, bone morphogenetic protein (BMP), growth and differentiation factor (GDF), inhibin-␤͞activin (ihbB), mullerian-inhibiting substance, inhibin-␣ (ihbA), and glial cell line-derived neurotrophic factor. The BMP and GDF groups are sometimes clustered into a looser association known as the DVR (dpp and Vg1 related) group. A quantitative comparison of the seven-cysteine domain in MIC-1 with representative members of the TGF-␤ superfamily was carried out by pairwise sequence comparison using the DNASTAR program. The relationship between individual family members is displayed in both tabular (Fig. 2B) and dendrogram (Fig. 2C) format. As seen in Fig. 2B and as previously suggested (9, 10) , members of the same family cluster together with identities of 40-90%. Members of different families bear 15-30% identity to each other. The seven-cysteine domain of MIC-1 shows 15-29% identity to the other TGF-␤ superfamily members (Fig. 2B) , indicating that MIC-1 is a divergent member of this group that may represent the first member of a new family.
Further evidence for this was obtained by analysis of the similarity between MIC-1 and the BMPs, to which MIC-1 shows the strongest homology. The amino-terminal regions upstream of the seven-cysteine domain of the mature BMPs are all characterized by a high content of basic amino acids and are longer than the 10-14 aa seen in most other TGF-␤ superfamily members (8) . This basic region is thought to be involved in the deposition of osteogenic proteins in bone tissue. Mature MIC-1 has only a short stretch of 14 aa preceding the seven-cysteine domain. Although this region, like other TGF-␤ family members, contains some basic residues, it lacks the longer stretches of highly basic regions seen in the BMPs (8) .
MIC-1 DNA Encodes a Secreted Protein. To demonstrate that MIC-1 cDNA encodes a secreted protein, 293-EBNA cells were transfected with MIC-1 cDNA that has been tagged with a FLAG epitope just downstream of the predicted proteolytic cleavage site at amino acid 196 (pre-pro-MIC-1͞FLAG). Immunoprecipitation of supernatants from transfected cells with anti-FLAG antibodies followed by immunoblot analysis with anti-FLAG antibodies demonstrates that MIC-1͞FLAG is secreted mainly as a 30-kDa disulfide-linked dimer (Fig. 3) . Under reducing conditions the major form of MIC-1͞FLAG migrates at approximately 15 kDa, correlating with the size of the mature peptide (12 kDa) predicted by cleavage at the putative proteolytic site. The slight apparent increase in size of the observed band is probably due to the presence of the FLAG epitope, which has been shown to cause excess retardation of electrophoretic mobility (15) . Under nonreducing conditions, the major secreted product migrates as a 30-kDa disulfide linked dimer. Minor bands at 40 and 80 kDa may correspond to pro-MIC-1͞FLAG monomer and pro-MIC-1͞ FLAG dimer, respectively. Analysis of cell lysates under nonreducing conditions demonstrates the presence of three forms of pro-MIC-1͞FLAG precursor: 40 kDa (pro-MIC-1͞ FLAG monomer), 55 kDa (pro-MIC-1͞FLAG hemi-dimer), and 80 kDa (pro-MIC-1͞FLAG dimer). Under reducing conditions the major band migrates as the 40-kDa pro-MIC-1͞ FLAG monomer with a minor amount of MIC-1͞FLAG monomer arising from the hemi-dimer. No mature MIC-1͞ FLAG peptide was observed intracellularly, suggesting rapid and efficient secretion of the mature MIC-1 peptide.
Macrophage Activation Enhances Expression of MIC-1. To confirm the relevance of MIC-1 to monocytoid cell activation, the expression of MIC-1 has been examined in the human monocytoid cell lines U937 and KG-1 as well as in macrophages. U937 cells were differentiated with 1 M RA for 3 days and then activated with 160 nM PMA for 30 min to 12 hr (Fig. 4A) . The MIC-1 transcript (1.2 kb) is not expressed in untreated cells, is slightly up-regulated by RA differentiation alone and up-regulated to a greater extent by treatment with PMA alone (lanes 1, 2, and 8, respectively) . However, MIC-1 expression is greatly enhanced by RA differentiation followed by activation with PMA, with the level of expression increasing with duration of PMA treatment (lanes 3-7) . This suggests that optimal PMA activation of MIC-1 expression requires prior differentiation of the cells by RA.
That the level of differentiation of the cells plays a role in activation of MIC-1 expression by PMA is further supported by findings on MIC-1 expression in macrophages (Fig. 4B) . MIC-1 expression in U937 cells is only slightly apparent following either RA or PMA treatment, whereas the more mature macrophages constitutively express MIC-1 mRNA at low levels. Expression in macrophages is enhanced after treatment with RA and is even more evident after PMA treatment. Expression in both U937 and macrophages is markedly enhanced after both RA and PMA treatment. In the more immature promyelocytic cell line KG-1 (16), only barely perceptible expression of MIC-1 is evident even after sequential RA͞PMA treatment. Thus, induction of MIC-1 expression by RA͞PMA is dependent on the level of cell differentiation, with increased responsiveness corresponding to the degree of differentiation and the capacity to express MIC-1 being a property largely of monocytes rather than more immature precursors.
To demonstrate that the activation-associated enhancement in expression of MIC-1 is not only in response to chemical activators such as PMA, macrophages were treated with a variety of cytokines involved in macrophage activation (Fig.  4C) . Enhanced expression of MIC-1 was observed in particular with IL-1␤, TNF-␣, M-CSF, and IL-2. The effects of TGF-␤, PDGF-BB, and GM-CSF are present but not as strong. Neither IFN-␥ nor LPS (up to 10 g͞ml) has an effect on MIC-1 mRNA expression in macrophages (data not shown).
MIC-1 Is an Inhibitor of Macrophage Activation. MIC-1 expression is enhanced by cytokines such as TNF-␣, which is secreted by activated macrophages. This suggests that MIC-1 may function as an autocrine͞paracrine regulator of macrophage activation. To determine whether MIC-1 secretion serves to limit macrophage activation, the effect of purified MIC-1 on macrophage production of TNF-␣ was assessed. (11), human inhibin␤-a, ␤b, and ␣ (37), human mullerian-inhibiting substance (38) , and human glial cell line-derived neurotopic factor (39) . Multiple-sequence alignment was performed with the DNASTAR program (gap weight ϭ 10, length weight ϭ 10). The most conserved residues, including the seven highly conserved cysteines, are identified. Dashes denote gaps introduced to optimize alignment. (B) Percent amino acid identity between the seven-cysteine domains of members of the TGF-␤ superfamily calculated using the pairwise sequence comparison. Darkly shaded areas denote identity of 40-54%, and lightly shaded areas, identity of Ͼ55%. (C) Dendrogram of the relationship between TGF-␤ superfamily members. This has been produced using the DNASTAR program and is based on the percentage identity.
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Macrophages were incubated overnight with 0.1-10 ng͞ml of MIC-1 or TGF-␤1 and then activated with LPS (1 g͞ml). Conditioned medium that was harvested 18 hr later was assayed for TNF-␣ production by ELISA (Fig. 5A ). This shows that LPS-stimulated TNF-␣ production was markedly suppressed in a dose-response manner by both MIC-1 and TGF-␤1. Neither TGF-␤1 nor MIC-1 stimulated TNF-␣ production when added to macrophages in the absence of LPS, and all media and diluents used exhibited no effect (data not shown). Maximal suppression requires TGF-␤ and MIC-1 to be added 12-24 hr prior to stimulation of macrophages with LPS (Fig. 5B) . However, both cytokines still suppressed TNF-␣ to 40-50% of maximum when added simultaneously with LPS to macrophages (Fig. 5B ).
DISCUSSION
The TGF-␤ superfamily comprises an expanding group of growth and differentiation factors that has gained increasing importance over the last decade with the elucidation of their role in critical biological processes such as growth and differentiation, wound healing, and tissue repair (17, 18) . The TGF-␤ proteins have a variety of complex pro-and antiinflammatory effects (18, 19) . They play a major role in the pathogenesis of a range of important inflammatory and fibrotic disorders, including rheumatoid arthritis, atherosclerosis, pulmonary fibrosis, and cirrhosis of the liver. TGF-␤1 knockout mice, however, die of severe widespread inflammation (20) , which suggests that one of their major functions is antiinflammatory. On the therapeutic front, recombinant proteins, particularly from the TGF-␤ and BMP families, are being assessed as therapeutic agents mainly in wound and fracture healing.
Although on a structural basis a strong case can be argued that MIC-1 is a divergent member of the TGF-␤ superfamily, the major function of MIC-1 is not certain. However, some important clues have been obtained from studies of MIC-1 gene expression and functional studies using purified recom- binant protein. The relationship of macrophage activation to MIC-1 gene expression suggests that MIC-1 may be an autocrine regulator of macrophage activation. First, the maturational state of the monocytoid cells appears important in expressing MIC-1 mRNA, as immature monocytoid cells require prior differentiation to enable MIC-1 expression. This suggests that monocyte precursors may not be able to synthesize MIC-1 in the bone marrow environment. In macrophages, MIC-1 mRNA expression is strongly induced by a number of stimuli, including PMA and a range of proinflammatory monokines. By comparison, TGF-␤ mRNA and biologically inactive protein are both constitutively expressed by macrophages. Induction of bioactive TGF-␤, which is capable of limiting macrophage activation, occurs rapidly on exposure to activators such as LPS and IFN-␥ (21, 22) . Thus, TGF-␤ exerts its effect early during the activation process. By contrast, only minimal MIC-1 gene expression occurs in resting cells, and expression is not directly induced by LPS or IFN-␥. It is, however, induced by cytokines such as IL-1 and TNF-␣, which are produced by activated macrophages, suggesting that MIC-1 may function to limit the activation process. Additionally, TGF-␤ itself is able to induce expression of MIC-1, suggesting the possibility that some TGF-␤ effects may be mediated by MIC-1.
To assess whether MIC-1, as hypothesized, could limit macrophage activation, its effect on TNF-␣ production by macrophages was examined. TNF-␣ is widely considered an important macrophage proinflammatory cytokine that causes a range of local and systemic biological effects (23, 24) . TNF-␣ was also one of the cytokines capable of inducing MIC-1 mRNA expression in macrophages. In macrophages, LPS is one of the most potent inducers of the synthesis and secretion of this cytokine, and TGF-␤ has been reported to inhibit this response (25) (26) (27) . Our studies indicate that MIC-1, like TGF-␤, is able to markedly inhibit LPS-stimulated macrophage TNF-␣ secretion. Both MIC-1 and TGF-␤ are maximally effective if the cells are exposed to the cytokines before activation, but considerable effects are still evident if they are added simultaneously with LPS. Similarities in the dose response and periodicity would suggest that this inhibition is occurring by similar mechanisms in both TGF-␤ and MIC-1.
The evidence in this paper demonstrates that MIC-1 is a novel TGF-␤ superfamily cytokine that is able to inhibit TNF-␣ secretion by activated macrophages. The induction of MIC-1 mRNA by cytokines such as TNF-␣ and failure of induction by LPS or IFN-␥ suggests that MIC-1 may not be designed to inhibit the primary activation of macrophages. Rather, it may represent an autocrine regulatory molecule whose expression may serve to limit later phases of macrophage activation by responding largely to secreted proinflammatory monokines.
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